Numerical simulations provide a considerable aid in studying past climates. Out of the 35 various approaches taken in designing numerical climate experiments, transient 36 simulations have been found to be the most optimal when it comes to comparison 37 with proxy data. However, multi-millennial or longer simulations using fully coupled 38 general circulation models are computationally very expensive such that acceleration 39 techniques are frequently applied. In this study, we compare the results from transient 40 simulations of the present and the last interglacial with and without acceleration of the 41 orbital forcing, using the comprehensive coupled climate model CCSM3 (Community 42 Climate System Model 3). Our study shows that in low-latitude regions, the 43 simulation of long-term variations in interglacial surface climate is not significantly 44 affected by the use of the acceleration technique (with an acceleration factor 10) and, 45
basic assumption for the application of this acceleration technique is that orbital 91 forcing operates on much longer timescales than those inherent in the atmosphere and 92 upper ocean layers (Lorenz and Lohmann, 2004) . 93 94
Methods 95
Multi-millennial transient simulations were performed using the comprehensive 96 global CGCM CCSM3 (Community Climate System Model version 3). NCAR's 97 (National Center for Atmospheric Research) CCSM3 is a state-of-the-art fully 98 coupled model, composed of four separate components representing atmosphere, 99 ocean, land and sea ice (Collins et al., 2006) . Here, we employ the low-resolution 100 version described in detail by Yeager et al. (2006) . In this version the resolution of theinsolation amplitude in the Northern Hemisphere resulting in a decrease in the boreal 114 summer insolation (Berger, 1978) . For the LIG, the variability in climatic precession 115 was more pronounced compared to the PIG due to a larger orbital eccentricity. Hence, 116 the effect of orbital forcing on climate is expected to be stronger (Fig. 1b) . 117
Additionally, the obliquity decreased by ~0.5° to 1° over the interglacials resulting in 118 a decrease of insolation in the summer hemisphere as well as total annual insolation at 119 southern and northern high latitudes (Loutre et al., 2004) . We note that the total 120 annual insolation at a given latitude does not depend on precession. 121 Accelerated and non-accelerated transient simulations covering the two interglacials 122 (9 to 2 kyr BP for the PIG and 130 to 120 kyr BP for the LIG) were carried out under 123 varying orbital forcing only. The experimental set-ups for the accelerated PIG and 124 LIG simulations are described in Varma et al. (2012) and Bakker et al. (2013) , 125 respectively. In both simulations, the orbital forcing is accelerated by a factor 10 (the 126 orbital parameters were changed every 10 model years, but with 100 year forward 127 time steps). Therefore, climate trends over 7,000 (PIG experiment) and 10,000 years 128 (LIG experiment) imposed by the external orbitally driven insolation changes, are 129 represented in the accelerated experiments by only 700 and 1000 simulation years, 130
respectively. 131
Throughout all runs pre-industrial aerosol and ozone distributions as well as modern 132 ice sheet configurations were prescribed. The greenhouse gas concentrations in the 133 LIG runs take the mean value for the period 130 -120 kyr BP (i.e. CO 2 = 272 ppm, 134 ppb). 138
Initialization of the accelerated and the non-accelerated PIG transient simulation was 139 identical: from a pre-industrial quasi-equilibrium simulation (Merkel et al., 2010) were then started from the final 130 kyr BP state. We note that 400 years of spin-up 148
were not enough to bring the deep ocean to a perfectly steady state. 149 The 70 decadal mean values from the accelerated PIG run were mapped onto the 160 orbital time scale, i.e. the first decadal mean represents the first 100 orbital years of 161 the PIG, the second decadal mean represents the second 100 orbital years of the PIG, 162
and so on (in other words, a 10-year average in model years is stretched to represent a 163 100 years). The same approach was used to calculate differences between accelerated 164 and non-accelerated simulations of the LIG, where we subtract 100 100-year averages 165 from the non-accelerated simulation from 100 10-year averages from the accelerated 166
simulation. 167
The main focus of our analysis is on the basic climate fields surface temperature and 168 and then an increasing trend for the mid-to-late LIG in the non-accelerated run (Fig.  200 2f). Not only is this trend variability missing in the accelerated run, also the general 201 temperature evolution during the LIG is quantitatively underestimated. While the 202 simulation, it is just about 0.06°C in the accelerated run (Fig. 2f) . 204 warming between ~130 -125 kyr BP and then an intense cooling trend afterwards in 214 both non-accelerated and accelerated simulations (Fig. 3d,e) . The southern high 215 latitudes show a cooling trend during the early LIG in the non-accelerated run, 216
followed by a warming trend during the late LIG. By contrast, a steady cooling trend 217 in the southern high latitudes is simulated in the accelerated run. The low latitudes 218
show strongest warming from mid-to-late LIG in both the simulations. 219 southern high mid-latitudes (ca. 50-60°S) is simulated in the non-accelerated PIG run 222 (Fig. 4a) . There is a similar trend observed in the accelerated simulation as well but 223 less intense and delayed in time compared to its non-accelerated counterpart (Fig. 4b) . 224
This wind intensification at the southern flank of the Southern Westerly Wind (SWW) 225 belt is accompanied by a decrease of zonal wind speed at the northern flank of the 226 SWW region (ca. 30-40°S), which can be depicted as a general poleward shift of the 227 SWW during the PIG under orbital forcing as described in an earlier study (Varma et 228 al., 2012) . Similarly, during the LIG a poleward shift of the SWW under orbital 229 forcing is observed in both non-accelerated and accelerated simulations as well, albeit 230 more robust compared to the PIG response (Fig. 4d,e) . Meanwhile, the Northern 231
Hemisphere westerly winds appear to shift northward (weakening of the winds around 232 30°N and strengthening around 50-60°N), the northeast trade winds (south of ca. (Figs. 5a,e) . Sea-ice effects play a role here in amplifying the climatic response to the 244 orbital forcing, as evident from the first EOF of sea ice concentration (Fig. 6) . 245
Another feature observed in both simulations is the general warming trend in the 246 tropics, especially over the Sahel and Indian regions, which is mainly attributed to 247 climate feedbacks associated with orbital-induced weakening of the monsoons (e.g. 248
Bakker et al., 2013). The second EOF shows strong variability in the Nordic Seas, 249 associated with shifts in the sea-ice margin in both non-accelerated and accelerated 250 simulations ( Fig. 5c,g; Fig. 6c,g ). 251
Even though the general spatial patterns of the two leading EOFs are similar between 252 the accelerated and the non-accelerated simulation, some differences in the EOF maps 253 are evident especially in the northern North Atlantic and Nordic Seas as well as in the 254 Southern Ocean. Moreover, the first principal component exhibits a rather linear trend 255 throughout the Holocene in the accelerated simulation (Fig. 5f) , whereas an increased 256 rate of change can be observed during the early Holocene in the first principal 257 component of the non-accelerated run (Fig. 5b) . 258
The spatio-temporal evolution of global surface temperature during the LIG is 259 represented in Fig. 7 by means of the two leading EOFs. The observed high latitude 260 cooling in the Northern Hemisphere is more pronounced in the LIG compared to the 261 PIG in line with larger insolation changes. Similar is the case with the tropics where 262 the warming is more pronounced compared to the PIG. These patterns are very similar 263 in the first EOFs of both non-accelerated and accelerated simulations (Fig. 7a,e) . The 264 second EOFs reflect strong variability in the northern North Atlantic. As for PIG, sea 265 ice variations are closely related to high-latitude surface temperature variability (Fig.  266   8) . In general, both non-accelerated and accelerated simulations share similar 267 response patterns in the second EOF (Fig. 7c,g ). However, both leading EOFs reveal 268 with a strengthening of Southern Hemisphere monsoons (Fig. 9a,e) . The second EOF 274 does not contain a long-term (orbitally driven) trend, but rather shows a pattern of 275 (multi-)decadal tropical precipitation variability. This EOF is not significantly 276 affected by the acceleration either. 277 over South America, Southern Africa and Australia (Fig. 10a,e) , albeit more 281 pronounced than during the PIG. The second EOF contains a long-term (orbitally 282 forced) signal, but explains only ca. 8% of the total variance in both the accelerated 283 and the non-accelerated run. Again, orbital acceleration hardly affects the 284 precipitation EOFs. 285 
Discussion 294
Our analysis of time series and EOF patterns has shown that the interglacial evolution 295 of simulated surface climate variables (temperature, precipitation, wind) is hardly 296 affected by the application of an orbital acceleration factor 10 in low latitudes, 297 whereas noticeable differences may arise in extratropical regions. The regional biases 298 resulted in acceleration-induced global mean sea-surface temperature biases of about 299 0.05-0.1°C during the early-to-mid PIG and the late LIG in our simulations (Fig. 2) . 300
To further specify the regions were acceleration-induced biases are greatest we 301 calculated global maps of root-mean-square differences between the accelerated andthe non-accelerated runs over the low-pass filtered surface temperature time series for 303 the PIG and the LIG (Fig. 12) . For the PIG, the largest acceleration-induced biases aresea-ice feedbacks (cf. Timmermann et al., 2014). A qualitatively similar result is 309 found for the LIG (Fig. 12b) , however, the Northern Hemisphere maximum has 310 shifted to the northern North Atlantic. This is because deep convection disappears 311 from the Nordic Seas in the LIG simulations associated with excessive sea ice. 312
Instead, deep convection and hence deep-water formation mostly takes place south of 313 the Denmark Strait in both the accelerated and the non-accelerated LIG runs (not 314 shown). In general, root-mean-square deviations are larger during the PIG than during 315 the LIG; in other words, PIG climate simulations appear more susceptible to 316 acceleration-induced biases than LIG simulations. We hypothesize that the stronger 317 orbital forcing during the LIG compared to the PIG (Fig. 1) puts a stronger constraint 318 on the evolution of surface temperature such that biases associated with heat exchange 319 with the deep ocean have a weaker impact. However, a significant role for ocean 320 initialization of the transient PIG and LIG runs in determining accelerated versus non-321 accelerated biases cannot be ruled out either (see next paragraph). The stronger 322 insolation forcing of the LIG compared to the PIG is also evident in the temporal 323 evolution of global precipitation patterns as derived from the EOF analysis: About 324 65% of the precipitation variance during the LIG is related to orbital forcing (and 325 spreading over the leading two EOFs), whereas only ca. 31% of the precipitation 326 variance is associated with orbital forcing during the PIG (and only contained in the 327 first EOF). We note that orbital variations do not show up in higher modes either. 328
In accelerated simulations, temperature changes in the slowly adjusting deep ocean 329 with its huge heat reservoir are damped and delayed relative to their non-accelerated 330 counterparts. This global-scale delayed response affects sea-surface temperatures at 331 high latitudes. A deep-ocean cooling trend in the non-accelerated PIG run is not 332 equally simulated in the accelerated run (Fig. 2e) . As a result, the deep ocean has a 333 warm bias throughout the Holocene in the accelerated simulation, which has a 334 counterpart at the surface in high latitudes (Figs. 2a and 3c) . Similarly, a cold deep-335 ocean bias during the late LIG in the accelerated run (Fig. 2f) has a surfaceorder of 1000 years or longer, which implies that the entire accelerated integration of 344 an interglacial (using an acceleration factor 10) is influenced by the initialization. In 345 particular, we suggest that a considerable portion of the long-term deep-ocean 346 cooling/warming trend in the accelerated PIG/LIG run (Fig. 2e,f) simulation. An additional 1000 orbital year filter has been applied to both accelerated 635 and non-accelerated time series to remove noise. Due to these low-pass filtering only 636
